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Characterizing microcircuit motifs in intact nervous systems is essential to relate neural computations to
behavior. In this issue of Neuron, Clowney et al. (2015) identify recurring, parallel feedforward excitatory
and inhibitory pathways in male Drosophila’s courtship circuitry, which might explain decisive mate choice.Understanding a Mahler symphony, with
its dozens of interwoven musical strands,
is no mean feat. By contrast, a Mozart pi-
ano sonata, though no less beautiful or
sophisticated than a romantic symphony,
is much less bewildering. For both works,
fundamental rules of tonality and rhythm
prevail, as do organizational principles
from the macroscale (such as the exis-
tence of discrete movements of defined
form) to the microscale (for example,
recurring harmonic and melodic motifs).
The commonalities of their oeuvres reflect
that Mozart’s and Mahler’s creativity
emerged within theWestern classical mu-
sic tradition. Much can be learned and
marveled studying the music of both.
Understanding the human nervous
system will also be no mean feat, but
this goal remains very distant. Many neu-
roscientists therefore turn to numerically
simpler animal nervous systems that,
though no less beautiful or sophisticated
than our own, are certainly easier to
analyze. Importantly, because all nervous
systems are likely to have had a single
origin (Marlow and Arendt, 2014), there
is much in common between those of
even the most diverse species. Homol-
ogies are most easily appreciated at the
molecular level, from neurodevelopmen-
tal determinants to synaptic components.
Gross anatomical regions of shared
ancestry are also recognized, even within
nervous systems of drastically different
scales and morphologies, such as the
annelid mushroom body and the verte-
brate pallium (Tomer et al., 2010).
When considering how neurons are
organized into circuits that receive and
process information, however, it becomes
harder to identify true homologies. There
are a limited number of conceptual ways
in which a small set of neurons within a
particular circuit might function together,912 Neuron 87, September 2, 2015 ª2015 Elso distinguishing conserved from conver-
gent properties across different brain
regions or organisms is difficult, if not
impossible. Nevertheless, ‘‘model’’ ner-
vous systems can help us appreciate the
structure and function of neuronal circuits
with high resolution within intact animals
(Bargmann and Marder, 2013), analogous
to the way that knowing the rules (and
their exceptions) of a Mozart sonata can
facilitate dissection of a colossal Mahler
symphony. Naturally, as with Mozart’s
music, understanding simple nervous
systems can be inherently fascinating,
particularly when this knowledge permits
causal relationships to be established be-
tween genes, neurons, and behavior.
Since the pioneering neurogenetic
studies of Seymour Benzer (Vosshall,
2007), the fruit fly, Drosophila mela-
nogaster, has been a prominent model to
investigate the molecular and neuronal
basis of animal behavior. Of the many
diverse and complex behaviors exhibited
by flies, the male courtship ritual has
been particularly intensively studied for
several reasons (Yamamoto and Kogane-
zawa, 2013). First, this is a robust and
adaptively important behavior, composed
of well-described interactions between
the courting male and his potential mate.
Second, sensory signals controlling court-
ship have been identified, notably volatile
and contact sex pheromones, and, in
several cases, their cognate sensory re-
ceptors (Gomez-Diaz and Benton, 2013).
Finally, many of the sensory neurons,
interneurons, and motoneurons that con-
trol courtship behavior are—remarkably
and conveniently—distinguished by their
expression of male-specific isoforms of
the Fruitless (Fru) transcription factor
(Yamamoto and Koganezawa, 2013).
Anatomical mapping of different ‘‘FruM
neurons’’ provided strong hints that theysevier Inc.connect together to form a neural circuit
(Yamamoto and Koganezawa, 2013), but
few studies have integrated these maps
with physiological analyses to illustrate
how this circuit actually operates (Kohatsu
et al., 2011; Kohatsu and Yamamoto,
2015; Kohl et al., 2013; Ruta et al., 2010).
In this issue of Neuron, Josephine
Clowney, Vanessa Ruta, and colleagues
(Clowney et al., 2015) have meticulously
wielded Benzer’s ‘‘microsurgical tool’’ of
neurogenetics (Vosshall, 2007) to investi-
gate the connections between peripheral
pheromonal sensory inputs and a popula-
tion of central FruM cells that make the de-
cision to court: the P1 neurons (Kohatsu
et al., 2011; von Philipsborn et al., 2011)
(Figure 1). Their work reveals a recurring
circuit motif of parallel feedforward exci-
tation and inhibition in both gustatory
and olfactory pathways, which provides
a satisfying neurobiological explanation
for how a male fly chooses to court only
the most desirable potential mates.
D. melanogaster male courtship is a
prolonged process that can last tens of
minutes, probably because both males
and females must determine each other’s
gender, species, and mating status
(Yamamoto and Koganezawa, 2013). A
male initiates the process by touching a
female with a foreleg, allowing him to
sense her species- and gender-specific
blend of cuticular contact pheromones
with gustatory neurons in this limb. If
she ‘‘tastes’’ right, he will pursue her
and perform a species-specific courtship
song by vibrating one wing, which allows
her to assess him as a suitor.
Previously, thermogenetic activation of
the male-specific P1 neurons was shown
to be sufficient to trigger male singing
in the absence of females (Kohatsu
et al., 2011; von Philipsborn et al., 2011).
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Figure 1. A Schematic of the Gustatory and Olfactory Pathways in Male Drosophila
melanogaster Controlling the Decision to Court
Adapted from Clowney et al. (2015).
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Previewsobservation by showing that even
brief optogenetic activation of these cells
drives males to pursue and sing to an
inanimate moving object, implying that
P1 neurons regulate the transition to an
enduring state of sexual arousal.
In a male fly’s natural environment,
surrounded by several drosophilid spe-
cies of both genders, it is presumably
advantageous that these key central
neurons are activated only by a male’s
most desired courtship object: virgin,
female D. melanogaster. This hypothesis
was tested by calcium imaging of P1 neu-
rons in tethered males whose forelegs
were allowed to touch flies of various spe-
cies and genders. These experiments
revealed a compelling correspondence
between the ability of a fly stimulus to
evoke P1 calcium increases and its known
provocation of male courtship behavior
in nature. For example, consistent with
earlier observations (Kohatsu et al.,
2011), virgin femaleD.melanogaster stim-ulate strong P1 responses, likely princi-
pally through the courtship-promoting
female pheromone 7,11-heptacosadiene
(7,11-HD) (Clowney et al., 2015) (Figure 1).
By contrast, neither virgin females of the
sympatric species D. simulans (which do
not produce 7,11-HD but a different pher-
omone 7-tricosene [7-T]) nor mated fe-
male D. melanogaster (which have been
additionally ‘‘perfumed’’ by their prior
sexual partner with the anti-aphrodisiac
cis-vaccenyl acetate [cVA]) evoke robust
P1activity (Clowney et al., 2015) (Figure 1);
males largely ignore both of these as po-
tential mates.
Evidently, multiple chemosensory sig-
nalsare integrated in thebrain todetermine
P1 responses. The heart of the work of
Clowney et al. (2015) investigates the rele-
vant neural elements—within the global
FruM circuit previously mapped (Yama-
moto and Koganezawa, 2013)—through a
powerful combination of neuronal visuali-
zation (using photoactivatable GFP andNeuron 87, Sdye-fills) and mapping of functional con-
nections (through local iontophoresis of
excitatory neurotransmitters, two-photon
laser-mediated axon severing, and cal-
cium imaging). They begin by looking
downstream of a population of known
courtship-promoting gustatory sensory
neurons that express the channel Pick-
pocket 25 (Ppk25), a candidate subunit
of a 7,11-HD receptor (Gomez-Diaz and
Benton, 2013; Yamamoto and Kogane-
zawa, 2013). Opportunely, this neural
pathway is compact: Ppk25 sensory
neurons overlap with and activate the
vAB3 interneurons that appear to have
direct excitatory input to P1 neurons
(Figure 1). However, a second branch of
vAB3 neurons activates an intermediate,
GABAergic neural population, mAL. Unex-
pectedly, these inhibitory mAL neurons
also send inputs directly to P1 (Figure 1).
Why does this circuit bifurcate court-
ship-promoting signals through parallel
excitatory and inhibitory pathways that
then re-converge on P1 neurons? Clow-
ney et al. (2015) provide one answer by
showing that P1 responses upon local
activation of vAB3 are rather weak but
that they are greatly enhanced when
mAL axons are severed. Thus, mAL neu-
rons appear to counter the excitatory
drive of vAB3 neurons, illustrating a gain
control mechanism on P1 responses to
female pheromonal cues. This processing
strategy might allow a male to be suffi-
ciently sensitive to respond after a single
touch of a female (Kohatsu and Yama-
moto, 2015), while avoiding spurious
courtship after strong stimulation of
vAB3. Furthermore, they show that mAL
neurons—but not vAB3 neurons—also
respond to inhibitory pheromone signals
from male flies. The distinct physiological
profiles of these interneuron populations
imply the existence of an additional sen-
sory input to mAL, and this might help
prevent P1 neuron activation by other
males (or when a male touches himself
during grooming) (Figure 1).
One of the inhibitory male pheromones
that might evoke mAL activity through
gustatory detection is 7-T (Thistle et al.,
2012); this is the same pheromone that is
found on female D. simulans, which prob-
ably explains why male D. melanogaster
do not court females of this species
(Figure 1). Another candidate is cVA;
notably, because this compound iseptember 2, 2015 ª2015 Elsevier Inc. 913
Neuron
Previewstransferred to females during copulation
(Gomez-Diaz and Benton, 2013), its addi-
tion to a female’s cuticular pheromone
profile might explain why mated females
evoke lowerP1neuron responses thanvir-
gins. However, cVA is much better known
as an olfactory pheromone, detected by
sensory neurons in the antenna that ex-
press the odorant receptor Or67d (Yama-
moto and Koganezawa, 2013). Clowney
et al. (2015) show that this olfactory cVA-
detection pathway is important for modu-
lation of gustatory-evoked P1 neuron
activity, because responses of P1neurons
to mated females are higher in OR67d
mutant males than wild-type animals.
Previous studies have demarcated the
olfactory circuit downstream of OR67d
sensory neurons, which comprises DA1
projection neurons that bifurcate to popu-
lations of excitatory (DC1) and inhibitory
(LC1) third-order neurons (Ruta et al.,
2010) (Figure 1). Clowney et al. (2015)
extend these observations by showing
that both DC1 and LC1 axons overlap
with P1 neurites. Although the occurrence
of feedforward inhibition in the olfactory
pathway was not directly demonstrated
in this work, the similarity with the parallel
excitatory (vAB3) and inhibitory (mAL)
gustatory pathways is intriguing. More-
over, these anatomical features suggest
that P1 neurons, and not more peripheral
nodes, are the site of convergence of gus-
tatory and olfactory sensory information
(Figure 1).
Together, the findings of Clowney et al.
(2015) reveal a sophisticated neural pro-
cessing mechanism by which sensory
cues are transmitted to courtship deci-
sion-making neurons in the brain. The
multimodal and parallel streaming of in-
formation presumably reflects the impor-
tance to males of reliably assessing
gender, species, and mating status of
his target to ensure courtship is initiated
only when it is likely to be fruitful. As with
all exciting advances, numerous new
questions arise: do the mapped connec-
tions reflect direct synaptic contacts
and, if so, how does their distribution
and function permit P1 neurons to effec-
tively integrate opposing inputs within
and between different sensory modal-914 Neuron 87, September 2, 2015 ª2015 Elities? How are other courtship-regulating
sensory signals integrated into this frame-
work? Why is there a putatively excitatory
olfactory input (DC1) to P1 neurons down-
stream of an inhibitory pheromone (cVA)?
Does all pertinent sensory information
converge on P1 neurons or are there addi-
tional circuit elements that allow distinct
categorization of gender, species, and
mating status? Are all P1 neurons equiva-
lent and how does transient P1 activity
lead to persistent sexual arousal? Does
a male’s internal state (for example, his
prior sexual experience) influence the
functional properties of this circuitry?
Neurobiologists investigate Drosophila
courtship (or worm foraging, or sea slug
gill withdrawal, or very many other innate
animal actions) not because of an urgent
need to understand these particular be-
haviors, but because thesemodels permit
access to understand neural circuits in the
context of intact nervous systems. Molec-
ular homologies have fuelled synergistic,
rapid advances in both complex and
simple nervous systems, for example, in
our understanding of axon guidance or
circadian rhythms. However, it has been
less evident how the study of neural cir-
cuitry in onemodel—packaged in its often
obscure anatomy and nomenclature—
can be easily appreciated and inspira-
tional for researchers working in another.
The identification of common neural cir-
cuit motifs will be key to facilitate cross-
pollination of our knowledge between
systems, as well as a building block to
understand larger, more complex brains
(Bargmann and Marder, 2013). Clowney
et al. (2015)’s definition of feedforward
excitatory and inhibitory micronetwork
motifs highlights one example that is
likely to be a common feature in many re-
gions of different animal nervous systems
(Bargmann and Marder, 2013; Wolf et al.,
2014). For example, in mammalian cortex,
excitatory and inhibitory inputs to princi-
ple cells optimizes sensory processing
to be both sensitive to weak inputs but
not saturated by strong inputs (Isaacson
and Scanziani, 2011).
The appeal of recognizing this motif
in the male fly’s courtship circuit is that
this neural computation is tightly coupledsevier Inc.to a defined behavioral output. Deter-
mining the impact of manipulating com-
ponents of these motifs upon a male’s
behavior—not addressed by Clowney
et al. (2015)—presents a formidable
future challenge, requiring both a greater
genetic precision to target subsets of
neurons in freely behaving animals and
an ability to quantify potentially very sub-
tle behavioral phenotypes. With neural
circuits in complex mammalian brains
becoming increasingly accessible, these
challenges must nevertheless be met for
‘‘Mozartian’’ model systems to remain at
the forefront of neuroscience.REFERENCES
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